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✈❡♥♦✉s ♦①②❣❡♥ ❝♦✉❧❞ ❛❧s♦ ❜❡ ❝❧✐♥✐❝❛❧❧② ✉s❡❢✉❧ ✐♥ ♠♦♥✐t♦r✐♥❣ ❛♥❞ ❞❡t❡❝t✐♥❣ ✐♠♣♦rt❛♥t
❡✈❡♥ts s✉❝❤ ❛s ❡❛r❧② ♣❤❛s❡s ♦❢ s❤♦❝❦✳
❚❤❡r❡ ❤❛✈❡ ❜❡❡♥ s♦♠❡ ❛tt❡♠♣ts t♦ ❡st✐♠❛t❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ♥♦♥✲✐♥✈❛s✐✈❡❧②✳
❙♦♠❡ ❡❛r❧✐❡r st✉❞✐❡s ❤❛✈❡ ✉s❡❞ ❛♥ ❡①t❡r♥❛❧ ♣r❡ss✉r❡ ❝✉✛ ❛rr❛♥❣❡♠❡♥t t♦ ❢❛❝✐❧✐t❛t❡
t❤❡ ♣✉❧s❛t✐❧✐t② ✐♥ t❤❡ ✈❡♥♦✉s ❜❧♦♦❞ ✭❨♦①❛❧❧ ❛♥❞ ❲❡✐♥❞❧✐♥❣❀ ✶✾✾✼❀ ◆✐t③❛♥ ❡t ❛❧✳❀
✷✵✵✵❀ ❊❝❤✐❛❞✐s ❡t ❛❧✳❀ ✷✵✵✼❀ ❙❝❤♦❡✈❡rs ❡t ❛❧✳❀ ✷✵✵✾✮✳ ❊✈❡♥ t❤♦✉❣❤ t❤❡ r❡s✉❧ts ✇❡r❡
❡♥❝♦✉r❛❣✐♥❣✱ t❤❡s❡ st✉❞✐❡s ❤❛❞ s♦♠❡ ❞r❛✇❜❛❝❦s✳ ❋♦r ✐♥st❛♥❝❡✱ ✐♥ s♦♠❡ ♦❢ t❤❡s❡ st✉❞✐❡s
✈❡♥♦✉s ♦❝❝❧✉s✐♦♥ ✭r❡q✉✐r❡❞ ❢♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ✈❡♥♦✉s ♦①②❣❡♥ s❛t✉r❛t✐♦♥✮ ❤❛❞ t♦
❜❡ s❡♣❛r❛t❡❞ ❜② ❡♥♦✉❣❤ t✐♠❡ ❛s r❡q✉✐r❡❞ ❜② t❤❡ t✐ss✉❡ t♦ r❡❛❝❤ ❡q✉✐❧✐❜r✐✉♠✱ ❛♥❞ t❤❡
✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❝♦✉❧❞ ♦♥❧② ❜❡ ❝❛❧❝✉❧❛t❡❞ ❛t ❞✐s❝r❡t❡ t✐♠❡ ✐♥t❡r✈❛❧s ✭❨♦①❛❧❧
❛♥❞ ❲❡✐♥❞❧✐♥❣❀ ✶✾✾✼❀ ◆✐t③❛♥ ❡t ❛❧✳❀ ✷✵✵✵✮✳ ❙❡❝♦♥❞❧②✱ t❤✐s ♠❡t❤♦❞ ❝♦✉❧❞ ♥♦t ❜❡
✉s❡❞ ❢♦r ❛♥ ❡①t❡♥❞❡❞ ♣❡r✐♦❞ ♦❢ t✐♠❡ ❛s t❤✐s ❝♦✉❧❞ ❧❡❛❞ t♦ ♣♦t❡♥t✐❛❧ ❝♦♠♣❧✐❝❛t✐♦♥s
s✉❝❤ ❛s ✈❡♥♦✉s st❛s✐s✱ ✈❡♥♦✉s t❤r♦♠❜♦s✐s✱ ❛♥❞ ✐♥t❡r❢❡r❡♥❝❡ ✇✐t❤ ✐♥tr❛✈❡♥♦✉s ❛❝❝❡ss✳
❙✐♠✐❧❛r❧② ✐♥ s♦♠❡ ♦t❤❡r st✉❞✐❡s✱ ❞✉❡ t♦ t❤❡ ✇❛② t❤❡ ♣r❡ss✉r❡ ❝✉✛ ✇❛s ♣❧❛❝❡❞ ♦♥
t❤❡ ✜♥❣❡r✱ ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ❡♥s✉r❡ t❤❛t ❡❛❝❤ ♣♥❡✉♠❛t✐❝ ♣r❡ss✉r❡ ♣✉❧s❡ ✇♦✉❧❞
✐♥❞✉❝❡ r❡♣❡❛t❛❜❧❡ ❛rt✐✜❝✐❛❧ ❜❧♦♦❞ ♣✉❧s❡ ✇✐t❤ s✐♠✐❧❛r ♣✉❧s❡ ✈♦❧✉♠❡ ✭❊❝❤✐❛❞✐s ❡t ❛❧✳❀
✷✵✵✼❀ ❙❝❤♦❡✈❡rs ❡t ❛❧✳❀ ✷✵✵✾✮✳ ❚❤✐s ❝♦✉❧❞ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡
♦❢ t❤❡ s❡♥s♦r ✭▼❛♥♥❤❡✐♠❡r ❡t ❛❧✳❀ ✶✾✾✼✮✳ ❆❧s♦✱ r❡❧②✐♥❣ ♦♥ ❛♥ ❡①t❡r♥❛❧ s♦✉r❝❡ t♦ ❣❡♥❡r❛t❡
♠♦❞✉❧❛t✐♦♥s ✐♥ t❤❡ PP● s✐❣♥❛❧s ❝♦✉❧❞ ♣♦ss✐❜❧② r❡str✐❝t t❤❡ ❛r❡❛s ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ✉s❡❞
❢♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✭❙①✈❖2✮✳
■♥ ❛ ♠♦r❡ r❡❝❡♥t st✉❞② ✭❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵✮✱ t❤❡ ❛✉t❤♦rs ❤❛✈❡ t❛❦❡♥ ❛❞✈❛♥t❛❣❡
♦❢ t❤❡ ❢❛❝t t❤❛t t❤❡ PP● ✇❛✈❡❢♦r♠ ✐s ✐♥✢✉❡♥❝❡❞ ❜② ❜♦t❤ ♣♦s✐t✐✈❡ ♣r❡ss✉r❡
✈❡♥t✐❧❛t✐♦♥ ✭◆❛t❛❧✐♥✐ ❡t ❛❧✳❀ ✷✵✵✻✮ ❛♥❞ ♣❡r✐♣❤❡r❛❧ ✈❡♥♦✉s ♣✉❧s❛t✐♦♥s ✭❲❛r❞❤❛♥ ❛♥❞
❙❤❡❧❧❡②❀ ✷✵✵✾✮ ❛♥❞ ❤❛✈❡ ❡st✐♠❛t❡❞ t❤❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✇✐t❤♦✉t ✉s✐♥❣ ❛♥② ❡①tr❛
s♦✉r❝❡ t♦ ❝r❡❛t❡ ✈❡♥♦✉s ♣✉❧s❛t✐♦♥s✳ ❚❤❡ ❛✉t❤♦rs ✭❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵✮ ❤❛✈❡ ❛♥❛❧②s❡❞
PP● s✐❣♥❛❧s ❢r♦♠ t❤❡ ♦❡s♦♣❤❛❣✉s ♦❢ t❡♥ ♣❛t✐❡♥ts ✉♥❞❡r❣♦✐♥❣ ❝♦r♦♥❛r② ❛rt❡r② ❜②♣❛ss
❊st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ❜❧♦♦❞ s❛t✉r❛t✐♦♥ ✉s✐♥❣ PP● ✇❛✈❡❢♦r♠ ✸
s✉r❣❡r② ❛♥❞ ♣♦st♦♣❡r❛t✐✈❡ ❝❛r❡ ✐♥ t❤❡ ✐♥t❡♥s✐✈❡ ❝❛r❡ ✉♥✐t ✭❑②r✐❛❝♦✉ ❡t ❛❧✳❀ ✷✵✵✷❜✱
✷✵✵✸✮✳ ❚❤❡② ♣r♦♣♦s❡❞ t✐♠❡ ❛♥❞ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ ❛❧❣♦r✐t❤♠s ❢♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢
❛rt❡r✐❛❧ ❛♥❞ r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥✳ ❚❤❡ ❢r❡q✉❡♥❝② ❜❛s❡ ✭❋♦✉r✐❡r✮ ♠❡t❤♦❞ ❢♦r t❤❡
❡st✐♠❛t✐♦♥ ♦❢ ❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ❛s s✉❣❣❡st❡❞ ❜② t❤❡ ❛✉t❤♦rs ✐♥ ✭❲❛❧t♦♥
❡t ❛❧✳❀ ✷✵✶✵✮ ✇❛s ❛❧s♦ ❡♠♣❧♦②❡❞ ✐♥ ♦t❤❡r st✉❞✐❡s ✭❚❤✐❡❧❡ ❡t ❛❧✳❀ ✷✵✶✶❀ ❈♦❧q✉❤♦✉♥
❡t ❛❧✳❀ ✷✵✶✷✮ t♦ ❡st✐♠❛t❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✐♥ t❤❡ ❥✉❣✉❧❛r ✈❡✐♥✳ ❚❤❡ r❡s✉❧ts ❢r♦♠
t❤❡s❡ st✉❞✐❡s s❤♦✇❡❞ t❤❛t t❤❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ PP● s✐❣♥❛❧ ❝♦✉❧❞
♣r♦✈✐❞❡ ✉s❡❢✉❧ ❝❧✐♥✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥✳ ❍♦✇❡✈❡r✱ t❤❡ ♠❡t❤♦❞ r❡q✉✐r❡s ❢✉rt❤❡r r❡✜♥❡♠❡♥t
s✉❝❤ ❛s ♦❜t❛✐♥✐♥❣ ❝❧❡❛♥❡r s♣❡❝tr❛❧ r❡♣r❡s❡♥t❛t✐♦♥✱ ♣♦ss✐❜❧② ❜② ❞❡❝♦♠♣♦s✐♥❣ t❤❡ s✐❣♥❛❧
✐♥t♦ ❞✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts ✭❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s✮ ❜❡❢♦r❡ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❛rt❡r✐❛❧ ❛♥❞
✈❡♥♦✉s ♦①②❣❡♥ s❛t✉r❛t✐♦♥✳
■♥ t❤✐s ✇♦r❦ ❛ ♥❡✇ ♠❡t❤♦❞ ❢♦r ❡①tr❛❝t✐♥❣ t❤❡ ✈❡♥♦✉s ♠♦❞✉❧❛t✐♦♥s ❢r♦♠
♦❡s♦♣❤❛❣❡❛❧ PP● s✐❣♥❛❧s ✐s ♣r❡s❡♥t❡❞✳ ❆❢t❡r s❡♣❛r❛t✐♥❣ t❤❡ ❆❈ ✭❝❛r❞✐❛❝✮ PP● s✐❣♥❛❧✱
t❤❡ ✈❡♥♦✉s r❡❧❛t❡❞ ❝♦♠♣♦♥❡♥t ❛♥❞ t❤❡ ❉❈ PP● s✐❣♥❛❧ ✇❡r❡ ✉s❡❞ ❢♦r t❤❡ ❡st✐♠❛t✐♦♥
♦❢ ❙♣❖2 ❛♥❞ ❙①✈❖2✳ ❯♥❧✐❦❡ ♣r❡✈✐♦✉s st✉❞✐❡s ✭❈♦❧q✉❤♦✉♥ ❡t ❛❧✳❀ ✷✵✶✷❀ ❚❤✐❡❧❡ ❡t ❛❧✳❀
✷✵✶✶❀ ❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵✮✱ t✐♠❡✲❢r❡q✉❡♥❝② ❛♥❛❧②s✐s t❡❝❤♥✐q✉❡ ♦❢ ❙♠♦♦t❤❡❞✲♣s❡✉❞♦
❲✐❣♥❡r✲❱✐❧❧❡ ❉✐str✐❜✉t✐♦♥ ✭❙P❲❱❉✮ ✇❛s ✉s❡❞ ❢♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s✳
❚❤✐s ✇♦✉❧❞ ♣♦ss✐❜❧② ❛❧❧♦✇ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❝❤❛♥❣❡s ♦❝❝✉rr✐♥❣ ✐♥ s❛t✉r❛t✐♦♥
✈❛❧✉❡s ♦✈❡r t❤❡ ❛♥❛❧②s✐s ♣❡r✐♦❞✳ ❆s t❤❡ ♠♦❞✉❧❛t✐♦♥s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ PP● s✐❣♥❛❧
❛r❡ ❝❛✉s❡❞ ❜② r❡s♣✐r❛t✐♦♥✴♠❡❝❤❛♥✐❝❛❧ ✈❡♥t✐❧❛t✐♦♥ t❤✐s s✐❣♥❛❧ ❝♦✉❧❞ ❛❧s♦ ❜❡ ✉s❡❞ ❢♦r
t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ r❡s♣✐r❛t♦r②✴✈❡♥t✐❧❛t♦r② ❢r❡q✉❡♥❝②✳ ■♥ ♦r❞❡r t♦ ✈❛❧✐❞❛t❡ t❤❡ ❛❝❝✉r❛❝②
♦❢ t❤❡ r❡s♣✐r❛t♦r② ❢r❡q✉❡♥❝✐❡s ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ✈❡♥♦✉s ♠♦❞✉❧❛t✐♦♥ s✐❣♥❛❧s✱ t❤❡s❡




❖❡s♦♣❤❛❣❡❛❧ PP● ❞❛t❛✱ ❝♦❧❧❡❝t❡❞ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s ✭❑②r✐❛❝♦✉ ❡t ❛❧✳❀ ✷✵✵✸❀ ❑②r✐❛❝♦✉❀
✷✵✶✸✮✱ ❢r♦♠ t✇❡❧✈❡ ❆❙❆ ✭❆♠❡r✐❝❛♥ ❙♦❝✐❡t② ♦❢ ❆♥❛❡st❤❡s✐♦❧♦❣✐sts✮ ✷✕✹ ❛♥❛❡st❤❡t✐s❡❞
♣❛t✐❡♥ts ✭❛❣❡❞ ✷✻ t♦ ✽✶✮ ✉♥❞❡r❣♦✐♥❣ ❡❧❡❝t✐✈❡ ❝❛r❞✐♦t❤♦r❛❝✐❝ s✉r❣❡r② ✇✐t❤ ♣♦s✐t✐✈❡
♣r❡ss✉r❡ ✈❡♥t✐❧❛t✐♦♥ ✇❡r❡ ❛♥❛❧②s❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❚❤❡ ❞❛t❛ ✇❡r❡ ❛❝q✉✐r❡❞ ❢♦❧❧♦✇✐♥❣
❧♦❝❛❧ r❡s❡❛r❝❤ ❡t❤✐❝s ❝♦♠♠✐tt❡❡ ❛♣♣r♦✈❛❧ ❛♥❞ ♣❛t✐❡♥t ❝♦♥s❡♥t✳ ❋♦r ❡❛❝❤ ♣❛t✐❡♥t✱
❛♣♣r♦①✐♠❛t❡❧② ✶✵✵ ♠✐♥✉t❡s ♦❢ ❊❈● ❛♥❞ PP● ❞❛t❛ ✇❛s ❝♦❧❧❡❝t❡❞ ❛t ❛ s❛♠♣❧✐♥❣
r❛t❡ ♦❢ ✶✵✵ ❍③✳ ❚❤❡ ♣✉r♣♦s❡ ♦❢ t❤❡ ♣r❡✈✐♦✉s st✉❞✐❡s ❑②r✐❛❝♦✉ ❡t ❛❧✳ ✭✷✵✵✷❜✱ ✷✵✵✸✮
✇❛s t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ♦❡s♦♣❤❛❣✉s ❛s ❛ ✈✐❛❜❧❡ s✐t❡ ❢♦r ♠❡❛s✉r✐♥❣ ❜❧♦♦❞ ♦①②❣❡♥❛t✐♦♥
s❛t✉r❛t✐♦♥ ❑②r✐❛❝♦✉ ❡t ❛❧✳ ✭✷✵✵✷❜✮✳
✷✳✷✳ ❱❡♥♦✉s ♠♦❞✉❧❛t✐♦♥ ❡①tr❛❝t✐♦♥ ❢r♦♠ PP●
❚❤❡ ✈❡♥♦✉s ♠♦❞✉❧❛t✐♦♥ ✇❛s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ PP● s✐❣♥❛❧ ❜② ✜rst ❞❡t❡❝t✐♥❣ t❤❡
♣❡❛❦s ❛♥❞ tr♦✉❣❤s r❡❧❛t❡❞ t♦ t❤❡ ❆❈ ✭❝❛r❞✐❛❝✮ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ PP● s✐❣♥❛❧✳ ❋♦r t❤❡
❞❡t❡❝t✐♦♥ ♦❢ t❤❡ ♣❡❛❦s ❛♥❞ tr♦✉❣❤s t❤❡ s✐❣♥❛❧ ✇❛s ✜❧t❡r❡❞ ✉s✐♥❣ ❛ ❋■❘ ✭❋✐♥✐t❡ ■♠♣✉❧s❡
❘❡s♣♦♥s❡✮ ❜❛♥❞♣❛ss ✜❧t❡r ✐♥ ♦r❞❡r t♦ ✐s♦❧❛t❡ t❤❡ ❝❛r❞✐❛❝ ❝♦♠♣♦♥❡♥t✳ ❆♥ ❛❞❛♣t✐✈❡
t❤r❡s❤♦❧❞ ✇❛s ❝r❡❛t❡❞ ❜② ❝♦♥✈♦❧✈✐♥❣ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡s ♦❢ t❤❡ ✜❧t❡r s✐❣♥❛❧ ✇✐t❤ ❛
sq✉❛r❡ ✇✐♥❞♦✇ ♦❢ ✽✵ s❛♠♣❧❡s ✭✇❤✐❝❤ ✐s s❧✐❣❤t❧② ❧❡ss t❤❛♥ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ PP● ♣✉❧s❡
❛t ❛ s❛♠♣❧✐♥❣ r❛t❡ ♦❢ ✶✵✵ ❍③✮✳ ❆ ♣♦ss✐❜❧❡ ♣❡❛❦ ✇❛s ❞❡t❡❝t❡❞ ✐♥ t❤❡ r❡❣✐♦♥ ✇❤❡r❡ t❤❡
✜❧t❡r❡❞ s✐❣♥❛❧ ❝r♦ss❡s t❤❡ t❤r❡s❤♦❧❞✳ ❆ ♣❡❛❦ ✇❛s ❝♦♥s✐❞❡r❡❞ ❛ ✈❛❧✐❞ ♣❡❛❦ ✐❢ ✐t ♦❝❝✉rr❡❞
❊st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ❜❧♦♦❞ s❛t✉r❛t✐♦♥ ✉s✐♥❣ PP● ✇❛✈❡❢♦r♠ ✹
❛t ❧❡❛st ✵✳✷ s ✭r❡❢r❛❝t♦r② ♣❡r✐♦❞✮ ❛❢t❡r t❤❡ ❧❛st ✈❛❧✐❞ ♣❡❛❦ ❛♥❞ ✐ts ❛♠♣❧✐t✉❞❡ ❧❛✐❞ ✇✐t❤✐♥
✵✳✷ ❛♥❞ ✸ t✐♠❡s t❤❡ ❛✈❡r❛❣❡ ❛♠♣❧✐t✉❞❡ ✇❤✐❝❤ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❧❛st ✜✈❡ ❝♦rr❡❝t❧②
❞❡t❡❝t❡❞ ♣❡❛❦s✳ ❚❤❡ tr♦✉❣❤s ♦❢ t❤❡ s✐❣♥❛❧ ✇❡r❡ ❞❡t❡❝t❡❞ ✉s✐♥❣ ❛ s✐♠✐❧❛r t❡❝❤♥✐q✉❡✳
❆❢t❡r t❤❡ ♣❡❛❦s ❛♥❞ tr♦✉❣❤s ❞❡t❡❝t✐♦♥ t❤❡ ✉♣♣❡r ❛♥❞ t❤❡ ❧♦✇❡r ❡♥✈❡❧♦♣❡ ♦❢ t❤❡
s✐❣♥❛❧ ✇❡r❡ ❝♦♥str✉❝t❡❞✳ ❋♦r t❤❡ ✉♣♣❡r ❡♥✈❡❧♦♣❡ t❤❡ ♣❡❛❦s ♦❢ t❤❡ s✐❣♥❛❧ ✇❡r❡ ❝♦♥♥❡❝t❡❞
✉s✐♥❣ ❝✉❜✐❝ s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ✇❤✐❧❡ tr♦✉❣❤s ✇❡r❡ ❝♦♥♥❡❝t❡❞ ✉s✐♥❣ t❤❡ s❛♠❡ t❡❝❤♥✐q✉❡
t♦ ♦❜t❛✐♥ t❤❡ ❧♦✇❡r ❡♥✈❡❧♦♣❡✳ ❚❤❡s❡ ✉♣♣❡r ❛♥❞ ❧♦✇❡r ❡♥✈❡❧♦♣❡s ✇❡r❡ t❤❡♥ ✉s❡❞ t♦
❡st✐♠❛t❡ t❤❡ ♠❡❛♥ ❡♥✈❡❧♦♣❡✱ ✇❤✐❝❤ ❛❢t❡r s❡♣❛r❛t✐♥❣ t❤❡ ❉❈ ✭s❧♦✇ ✈❛r②✐♥❣✮ ❝♦♠♣♦♥❡♥t
✇❛s ✉s❡❞ ❛s t❤❡ ❡st✐♠❛t❡ ♦❢ t❤❡ ✈❡♥t✐❧❛t♦r ♠♦❞✉❧❛t✐♦♥ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ PP● s✐❣♥❛❧✳
❚❤✐s ✈❡♥t✐❧❛t♦r ♠♦❞✉❧❛t✐♦♥ s✐❣♥❛❧ ✇❛s ✉s❡❞ ❛s t❤❡ ❆❈ ❝♦♠♣♦♥❡♥t ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢
✈❡♥♦✉s s❛t✉r❛t✐♦♥✳
✷✳✸✳ ❆rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s ❜❧♦♦❞ ♦①②❣❡♥ s❛t✉r❛t✐♦♥ ❡st✐♠❛t✐♦♥
❚❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❜♦t❤ t❤❡ ❛rt❡r✐❛❧ ❛♥❞ t❤❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✇❛s ❞♦♥❡ ✐♥ t❤❡
❝♦♥✈❡♥t✐♦♥❛❧ ♠❛♥♥❡r ❜② ❝❛❧❝✉❧❛t✐♥❣ ❘ ✭r❛t✐♦ ♦❢ r❛t✐♦s✮ ❛s ♣r❡s❡♥t❡❞ ✐♥ ✭✶✮✳ ❯s✐♥❣
t❤❡ ❘ ✈❛❧✉❡✱ t❤❡ ♦①②❣❡♥ s❛t✉r❛t✐♦♥ ✇❛s ♦❜t❛✐♥❡❞ ❜② ❡♠♣❧♦②✐♥❣ t❤❡ ❧✐♥❡❛r r❡❧❛t✐♦♥s❤✐♣
♣r❡s❡♥t❡❞ ✐♥ ✭✷✮ ✭❆❧❧❡♥❀ ✷✵✵✼✮✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ t❤❡ ACred ❛♥❞
ACired ♣❛rt ✐♥ ✭✶✮ ✇❛s ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❝❛r❞✐❛❝ ❝♦♠♣♦♥❡♥t ♣r❡s❡♥t ✐♥ t❤❡ PP●
s✐❣♥❛❧ ✇❤✐❧❡✱ ✐♥ t❤❡ ❝❛s❡ ♦❢ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ t❤❡ ✈❡♥t✐❧❛t♦r ♠♦❞✉❧❛t✐♦♥ ♣r❡s❡♥t ✐♥
❜♦t❤ t❤❡ r❡❞ ❛♥❞ t❤❡ ✐♥❢r❛r❡❞ PP● s✐❣♥❛❧s ✇❛s ❝♦♥s✐❞❡r❡❞ ❛s t❤❡ AC ♣❛rt✳ ❚❤❡ t✐♠❡






SpO2 = 110− 25×R ✭✷✮
❋♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥s t❤❡ t✐♠❡✲
❢r❡q✉❡♥❝② r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ s✐❣♥❛❧s ✇❡r❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❙♠♦♦t❤❡❞✲♣s❡✉❞♦ ❲✐❣♥❡r✲
❱✐❧❧❡ ❉✐str✐❜✉t✐♦♥ ✭❙P❲❱❉✮✱ ❛ q✉❛❞r❛t✐❝ tr❛♥s❢♦r♠ ❢r♦♠ ❈♦❤❡♥✬s ❝❧❛ss ✭❈♦❤❡♥❀
✶✾✽✾✮✳ ❚❤❡ t✐♠❡✲❢r❡q✉❡♥❝② ❛♥❛❧②s✐s ✇❛s ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❙P❲❱❉ ✐♥st❡❛❞ ♦❢ ♠♦r❡
❜❛s✐❝ ❙❤♦rt✲❚✐♠❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♠❡t❤♦❞ ❛s ✐t ♣r♦✈✐❞❡s ❜❡tt❡r t❡♠♣♦r❛❧ ❛♥❞
❢r❡q✉❡♥❝② r❡s♦❧✉t✐♦♥✱ ❜② ❛❧❧♦✇✐♥❣ ✐♥❞❡♣❡♥❞❡♥t ❛❞❥✉st♠❡♥t ♦❢ ❢r❡q✉❡♥❝② ❛♥❞ t✐♠❡
✇✐♥❞♦✇ ❧❡♥❣t❤s✳ ❚❤❡ ❙P❲❱❉ r❡♣r❡s❡♥t❛t✐♦♥ ❢♦r ❛ ❞✐s❝r❡t❡ s❡q✉❡♥❝❡ s[n] ❝❛♥ ❜❡







g[m]× r[n−m, l] e−
j2lkpi/M ✭✸✮
❲❤❡r❡ r[n, l] = s[n + l] s∗[n − l] ✐s t❤❡ ✐♥st❛♥t❛♥❡♦✉s ❛✉t♦ ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥
❛♥❞ M ✐s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s✐❣♥❛❧✳ ■♥ ✭✸✮ ❛ ✇✐♥❞♦✇ g[m] ♦❢ ❧❡♥❣t❤ 2Q − 1
✐s ✉s❡❞ ❢♦r s♠♦♦t❤✐♥❣ ✐♥ t❤❡ t✐♠❡ ❞✐r❡❝t✐♦♥ ✇❤✐❧❡ s♠♦♦t❤✐♥❣ ✐♥ t❤❡ ❢r❡q✉❡♥❝②
❞✐r❡❝t✐♦♥ ✐s ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ t❤❡ ✇✐♥❞♦✇ h[l] ♦❢ ❧❡♥❣t❤ 2P − 1✳ ■♥ t❤✐s st✉❞②
❛❧❧ t❤❡ s✐❣♥❛❧s ✇❡r❡ ❛♥❛❧②s❡❞ ✐♥ t❤❡ ❛♥❛❧②t✐❝❛❧ ❢♦r♠✳ ❚❤❡ t✐♠❡ ❛♥❞ t❤❡ ❢r❡q✉❡♥❝②
s♠♦♦t❤✐♥❣ ✇❛s ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❛ ✺✳✵✺ s❡❝♦♥❞ ●❛✉ss✐❛♥ ✇✐♥❞♦✇ ❛♥❞ ❛ ✶✵✳✵✺ s❡❝♦♥❞
❍❛♠♠✐♥❣ ✇✐♥❞♦✇ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ t✐♠❡ ❛♥❞ ❢r❡q✉❡♥❝② ✇✐♥❞♦✇s ❧❡♥❣t❤ ✇❡r❡ ❝❤♦s❡♥
❡♠♣✐r✐❝❛❧❧② ✭❜❛s❡❞ ♦♥ ♣r✐♦r ✇♦r❦ ✭❙❤❛❢q❛t ❡t ❛❧✳❀ ✷✵✵✾✮✮ t♦ ❤❛✈❡ s✉✣❝✐❡♥t ❢r❡q✉❡♥❝②
r❡s♦❧✉t✐♦♥ ❛♥❞ t✐♠❡ s♠♦♦t❤✐♥❣ s♦ t❤❛t ✐♥t❡r❢❡r❡♥❝❡ t❡r♠s✱ ❛ ♠❛❥♦r ❝❛✉s❡ ♦❢ ❡rr♦r
❊st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ❜❧♦♦❞ s❛t✉r❛t✐♦♥ ✉s✐♥❣ PP● ✇❛✈❡❢♦r♠ ✺
✐♥ q✉❛❞r❛t✐❝ ✭❜✐❧✐♥❡❛r✮ r❡♣r❡s❡♥t❛t✐♦♥s✱ ❝♦✉❧❞ ❜❡ r❡❞✉❝❡❞✳ ❋r♦♠ t❤❡ t✐♠❡✲❢r❡q✉❡♥❝②





❲❤❡r❡ kmax ❛♥❞ kmin ✐♥ ✭✹✮ ❛r❡ t❤❡ ♠✐♥✐♠✉♠ ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ❢r❡q✉❡♥❝② ✈❛❧✉❡s
❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ s✐❣♥❛❧✳ ❚❤❡ ♣♦✇❡r ✈❛❧✉❡s ❝❛♥ t❤❡♥ ❜❡ ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ R ✭s❡❡ ✭✶✮✮
✐♥ s✐♠✐❧❛r ♠❛♥♥❡r ❛s ❞♦♥❡ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s ✭❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵❀ ❚❤✐❡❧❡ ❡t ❛❧✳❀ ✷✵✶✶❀
❈♦❧q✉❤♦✉♥ ❡t ❛❧✳❀ ✷✵✶✷✮ ✉s✐♥❣ t❤❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠✳ ❍♦✇❡✈❡r✱ ✐♥ t❤✐s ❝❛s❡ t❤❡ R
✈❛❧✉❡s ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ✇✐❧❧ ❜❡ t✐♠❡ ✈❛r②✐♥❣ ❢✉♥❝t✐♦♥s✳
✷✳✹✳ ❘❡s♣✐r❛t✐♦♥ r❛t❡ ❡st✐♠❛t✐♦♥
❆s t❤❡ ♠♦❞✉❧❛t✐♦♥s ✐♥ t❤❡ PP● s✐❣♥❛❧s ✇❡r❡ ✐♥❞✉❝❡❞ ❜② ✈❡♥t✐❧❛t♦r✴r❡s♣✐r❛t✐♦♥✱ ❛❢t❡r
❡①tr❛❝t✐♦♥ t❤❡ ♠❡❛♥ ❡♥✈❡❧♦♣❡ s✐❣♥❛❧ ✭s❡❡ s❡❝t✐♦♥ ✷✳✷✮ ❝♦✉❧❞ ❛❧s♦ ❜❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡
✈❡♥t✐❧❛t♦r②✴r❡s♣✐r❛t♦r② ❢r❡q✉❡♥❝②✳ ■♥ ♦r❞❡r t♦ ✈❛❧✐❞❛t❡ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ r❡s♣✐r❛t♦r②
❢r❡q✉❡♥❝② ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ✈❡♥♦✉s ♠♦❞✉❧❛t✐♦♥ s✐❣♥❛❧s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ PP●
s✐❣♥❛❧s✱ ✐t ✇❛s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ r❡s♣✐r❛t♦r② ❢r❡q✉❡♥❝② ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❊❈● s✐❣♥❛❧s✳
❚❤❡ r❡s♣✐r❛t♦r② s✐❣♥❛❧ ✇❛s ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ❊❧❡❝tr♦❝❛r❞✐♦❣r❛♠ ✭❊❈●✮ s✐❣♥❛❧ ✉s✐♥❣
❛♥ ❊❈● ❉❡r✐✈❡❞ ❘❡s♣✐r❛t✐♦♥ ✭❊❉❘✮ t❡❝❤♥✐q✉❡ ✭▼♦♦❞② ❡t ❛❧✳❀ ✶✾✽✺✱ ✶✾✽✻✮✳ ❚❤✐s
t❡❝❤♥✐q✉❡ ✉s❡s t❤❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ❡❧❡❝tr✐❝❛❧ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ t❤♦r❛❝✐❝ ❝❛✈✐t②✱ ❝❛✉s❡❞
❜② r❡s♣✐r❛t✐♦♥ ❝②❝❧❡✱ t♦ ❡st✐♠❛t❡ t❤❡ r❡s♣✐r❛t✐♦♥ s✐❣♥❛❧✳ ❚❤❡ r❡s♣✐r❛t✐♦♥ s✐❣♥❛❧ ❞❡r✐✈❡❞
❢r♦♠ t❤❡ ❊❈● s✐❣♥❛❧ ✇❛s ❜❛♥❞♣❛ss ✜❧t❡r❡❞ t♦ r❡str✐❝t t❤❡ ❢r❡q✉❡♥❝② ❝♦♥t❡♥ts ♦❢ t❤❡
s✐❣♥❛❧s t♦ ❜❡ ❜❡t✇❡❡♥ ✾ t♦ ✸✵ ❜r❡❛t❤s ♣❡r ♠✐♥✉t❡✳
✷✳✺✳ ❙t❛t✐st✐❝❛❧ t❡st
❚❤❡ st❛t✐st✐❝❛❧ ❛♥❛❧②s✐s ✇❛s ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ❙✐❣♠❛❙t❛t ✷✳✵✸ ✭❙②st❛t ❙♦❢t✇❛r❡
■♥❝✳✱ ❯❙❆✮✳ ❆ ♥♦♥✲♣❛r❛♠❡tr✐❝ t❡st ✭❲✐❧❝♦①♦♥✱ s✐❣♥❡❞ r❛♥❦ t❡st✮ ✇❛s ✉s❡❞ t♦
❝❤❡❝❦ ❢♦r st❛t✐st✐❝❛❧❧② s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥✱
✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡
♦❡s♦♣❤❛❣❡❛❧ PP● ❞❛t❛ ❢r♦♠ t❤❡ t✇❡❧✈❡ ❝❛r❞✐♦t❤♦r❛❝✐❝ ♣❛t✐❡♥ts✳ ❆ s✐♠✐❧❛r t❡st ✇❛s
❛❧s♦ ❝❛rr✐❡❞ ♦✉t t♦ ❝♦♠♣❛r❡ t❤❡ r❡s♣✐r❛t✐♦♥ ❢r❡q✉❡♥❝② ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✈❡♥♦✉s
♠♦❞✉❧❛t✐♦♥s ❛♥❞ t❤❡ ❊❈● s✐❣♥❛❧s✳ ❚❤❡ s✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✇❛s s❡t ❛t P❁✵✳✵✺ ❢♦r ❛❧❧
t❡sts✳
✸✳ ❘❡s✉❧ts
✸✳✶✳ ▼♦❞✉❧❛t✐♦♥ ❡①tr❛❝t✐♦♥ ❛♥❞ s❛t✉r❛t✐♦♥ ❡st✐♠❛t✐♦♥
❚❤❡ ♣❡❛❦s ❛♥❞ tr♦✉❣❤s ❞❡t❡❝t✐♦♥ r❡s✉❧ts ❢r♦♠ t❤❡ ♦❡s♦♣❤❛❣❡❛❧ PP● s✐❣♥❛❧ ❢r♦♠ ♦♥❡
♦❢ t❤❡ ♣❛t✐❡♥t✬s ❞❛t❛ ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s st✉❞② ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳ ❚❤❡s❡ ♣❡❛❦s ❛♥❞
tr♦✉❣❤s ✇❡r❡ ❥♦✐♥❡❞✱ ✉s✐♥❣ ❝✉❜✐❝ s♣✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ t♦ ♦❜t❛✐♥ t❤❡ ✉♣♣❡r ❛♥❞ ❧♦✇❡r
❡♥✈❡❧♦♣❡s ✇❤✐❝❤ ❛r❡ ❛❧s♦ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳ ❚❤❡s❡ ✉♣♣❡r ❛♥❞ ❧♦✇❡r ❡♥✈❡❧♦♣❡s ✇❡r❡ t❤❡♥
✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♠❡❛♥ ❡♥✈❡❧♦♣❡s ✭✈❡♥t✐❧❛t♦r ♠♦❞✉❧❛t✐♦♥✮ ✇❤✐❝❤ ❛r❡ ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳ ✶ ✇✐t❤ t❤✐❝❦ ❧✐♥❡s✳ ❚❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ ✐♥❢r❛r❡❞ PP● s✐❣♥❛❧ ❛r❡ s❤♦✇♥ ✐♥
❋✐❣✳ ✶✭❛✮ ✇❤✐❧❡ t❤❡ r❡s✉❧ts ❢r♦♠ t❤❡ r❡❞ PP● s✐❣♥❛❧ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✭❜✮✳ ❚❤❡ ♠❡❛♥
❡♥✈❡❧♦♣❡s ✭✈❡♥t✐❧❛t♦r ♠♦❞✉❧❛t✐♦♥✮ ✇❡r❡ t❤❡♥ s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡ r❛✇ PP● s✐❣♥❛❧s t♦
♦❜t❛✐♥ t❤❡ ❛rt❡r✐❛❧ ❆❈ ❝♦♠♣♦♥❡♥t✳ ❚❤❡ ❝❛r❞✐❛❝ ❛♥❞ ✈❡♥♦✉s ✭✈❡♥t✐❧❛t♦r ♠♦❞✉❧❛t✐♦♥
❊st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ❜❧♦♦❞ s❛t✉r❛t✐♦♥ ✉s✐♥❣ PP● ✇❛✈❡❢♦r♠ ✻




(a) Raw Infrared PPG signal
 
 

















PPG signal Peaks and troughs Peaks and troughs Peak and trough envelope Peak and trough envelope Mean envelope
❋✐❣✉r❡ ✶✳ P❡❛❦ ❛♥❞ tr♦✉❣❤ ❞❡t❡❝t✐♦♥ ❛♥❞ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥
❡♥✈❡❧♦♣❡ ✭t❤✐❝❦ ❧✐♥❡✮ ✐♥ ♦♥❡ ♦❢ t❤❡ ❞❛t❛ s❡ts ❛♥❛❧②s❡❞ ✐♥ t❤✐s st✉❞②❀ ✭❛✮ r❡s✉❧ts
❢r♦♠ t❤❡ ✐♥❢r❛r❡❞ PP● s✐❣♥❛❧❀ ✭❜✮ r❡s✉❧ts ❢r♦♠ t❤❡ r❡❞ PP● s✐❣♥❛❧


























Infrared signal Red signal
❋✐❣✉r❡ ✷✳ ✭❛✮ ❆rt❡r✐❛❧ ❆❈ PP● s✐❣♥❛❧s ♦❜t❛✐♥❡❞ ❛❢t❡r s✉❜tr❛❝t✐♥❣ t❤❡ ✈❡♥♦✉s
♠♦❞✉❧❛t✐♦♥ ❢r♦♠ t❤❡ r❛✇ s✐❣♥❛❧s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶❀ ✭❜✮ ❆❈ s✐❣♥❛❧ r❡❧❛t❡❞ t♦ t❤❡
✈❡♥♦✉s ❝♦♠♣♦♥❡♥t ✭✈❡♥♦✉s ♠♦❞✉❧❛t✐♦♥✮❀ ✭❝✮ ❉❈ PP● s✐❣♥❛❧s✳ ■♥ ❡❛❝❤ ♣❛rt t❤❡
✐♥❢r❛r❡❞ s✐❣♥❛❧ ✐s ♣r❡s❡♥t❡❞ ✇✐t❤ ❞♦tt❡❞ ❧✐♥❡s ✇❤✐❧❡ t❤❡ r❡❞ s✐❣♥❛❧ ✐s ♣r❡s❡♥t❡❞ ✇✐t❤
s♦❧✐❞ ❧✐♥❡s
s✐❣♥❛❧✮ ❆❈ s✐❣♥❛❧s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ r❛✇ s✐❣♥❛❧ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❉❈ PP● s✐❣♥❛❧s
❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳ ❚❤❡ r❡s✉❧ts s❤♦✇♥ ✐♥ ❋✐❣✳ ✷ ❛❧s♦ ❤✐❣❤❧✐❣❤ts t❤❡ ❢❛❝t t❤❛t s✉❜tr❛❝t✐♥❣
t❤❡ ♠❡❛♥ ❡♥✈❡❧♦♣❡ ❢r♦♠ t❤❡ r❛✇ PP● s✐❣♥❛❧ r❡s✉❧ts ✐♥ ❛ ❝❛r❞✐❛❝ ❆❈ ❝♦♠♣♦♥❡♥t ✇✐t❤
♥♦ s✐❣♥✐✜❝❛♥t ❉❈ ♦✛s❡t ❛s r❡q✉✐r❡❞ ❢♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ♦①②❣❡♥ s❛t✉r❛t✐♦♥ ✉s✐♥❣ ✭✶
❛♥❞ ✷✮✳ ❙✉❜tr❛❝t✐♥❣ t❤❡ ✉♣♣❡r ✭♣❡❛❦✮ ♦r t❤❡ ❧♦✇❡r ✭tr♦✉❣❤✮ ❡♥✈❡❧♦♣❡ ❢r♦♠ t❤❡ r❛✇
PP● s✐❣♥❛❧ ✇♦✉❧❞ r❡s✉❧ts ✐♥ ❉❈ ♦✛s❡t✱ ♥❡❣❛t✐✈❡ ♦✛s❡t ✭✉♣♣❡r ❡♥✈❡❧♦♣❡ s✉❜tr❛❝t✐♦♥✮
♦r ♣♦s✐t✐✈❡ ♦✛s❡t ✭❧♦✇❡r ❡♥✈❡❧♦♣❡ s✉❜tr❛❝t✐♦♥✮✱ ✐♥ t❤❡ ❝❛r❞✐❛❝ ❆❈ ❝♦♠♣♦♥❡♥t✳
❊st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ❜❧♦♦❞ s❛t✉r❛t✐♦♥ ✉s✐♥❣ PP● ✇❛✈❡❢♦r♠ ✼















❋✐❣✉r❡ ✸✳ ❖①②❣❡♥ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ s✐❣♥❛❧s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳
❚r❛❞✐t✐♦♥❛❧ ✭t✐♠❡ ❞♦♠❛✐♥✮ ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❛ s♦❧✐❞ ❧✐♥❡ ✇✐t❤ ❞✐❛♠♦♥❞
♠❛r❦❡rs✳ ❚❤❡ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✐s s❤♦✇♥ ❛s ❛ t❤✐♥ s♦❧✐❞ ❧✐♥❡ ✇❤✐❧❡
t❤❡ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❛ ❞♦tt❡❞ ❧✐♥❡





































❋✐❣✉r❡ ✹✳ ■♥st❛♥t❛♥❡♦✉s s❛t✉r❛t✐♦♥ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❞❛t❛ ♦❢ ❢♦✉r
♣❛t✐❡♥ts ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s st✉❞②✳ ■♥ ❡❛❝❤ s✉❜♣❧♦t t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✭tr❛❞✐t✐♦♥❛❧✮
❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❛r❡ s❤♦✇♥ ✇✐t❤ t❤❡ s♦❧✐❞ ❧✐♥❡ ✇✐t❤ ❞✐❛♠♦♥❞ ♠❛r❦❡r✱
t❤❡ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❛r❡ s❤♦✇♥ ✐♥ s♦❧✐❞ ❧✐♥❡ ❛♥❞ t❤❡
✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ♦①②❣❡♥ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② ❞♦tt❡❞ ❧✐♥❡
❚❤❡ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥s ✇❡r❡ t❤❡♥ ❡st✐♠❛t❡❞ ✉s✐♥❣
t❤❡ t✐♠❡✲❢r❡q✉❡♥❝② ♠❡t❤♦❞ ❛s ❡①♣❧❛✐♥❡❞ ❡❛r❧✐❡r ✐♥ s❡❝t✐♦♥ ✷✳✸✳ ❚❤❡ tr❛❞✐t✐♦♥❛❧ ✭t✐♠❡
❞♦♠❛✐♥✮✱ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ♦①②❣❡♥ s❛t✉r❛t✐♦♥s
❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ s✐❣♥❛❧s s❤♦✇♥ ✐♥ ❋✐❣✳ ✷ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✸✳ ❚❤❡ t✐♠❡ ❞♦♠❛✐♥
✈❛❧✉❡s ✇❡r❡ ❡st✐♠❛t❡❞ ❛❢t❡r ❡✈❡r② t✇♦ s❡❝♦♥❞s✳
❚❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✸ s❤♦✇s t❤❛t t❤❡r❡ ✐s ❛ ❝❧♦s❡ ♠❛t❝❤ ❜❡t✇❡❡♥ t❤❡ t✐♠❡
❞♦♠❛✐♥ ✭tr❛❞✐t✐♦♥❛❧✮ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✭❜♦t❤ ✈❛❧✉❡s ❛r❡ ❛r♦✉♥❞
✶✵✷✲✶✵✸✪✮ ✇❤✐❧❡✱ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ✭❛r♦✉♥❞ ✽✵✪✮ ✇❡r❡ ❧♦✇❡r
t❤❛♥ ❜♦t❤ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✭tr❛❞✐t✐♦♥❛❧✮ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ ♦①②❣❡♥ s❛t✉r❛t✐♦♥
✈❛❧✉❡s✳ ❚❤❡ r❡s✉❧ts ❢♦r ❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ❡st✐♠❛t✐♦♥ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡
❞❛t❛ ♦❢ ❢♦✉r ♦❢ t❤❡ t✇❡❧✈❡ ♣❛t✐❡♥ts ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s st✉❞② ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳
❊st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ❜❧♦♦❞ s❛t✉r❛t✐♦♥ ✉s✐♥❣ PP● ✇❛✈❡❢♦r♠ ✽




















❋✐❣✉r❡ ✺✳ ◆♦r♠❛❧✐s❡❞ ❡st✐♠❛t❡❞ r❡s♣✐r❛t♦r② s✐❣♥❛❧ ❢r♦♠ t❤❡ ❊❈● ✭❞♦tt❡❞ t❤✐❝❦
❧✐♥❡✮ ❛♥❞ t❤❡ PP● ✭s♦❧✐❞ ❧✐♥❡✮✳ ❚❤❡ PP● r❡s♣✐r❛t✐♦♥ s✐❣♥❛❧ ✐s t❤❡ ♠❡❛♥ ❡♥✈❡❧♦♣❡
s✐❣♥❛❧ ✇❤✐❝❤ ✐s ❡st✐♠❛t❡❞ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✷



















❋✐❣✉r❡ ✻✳ ❘❡s♣✐r❛t✐♦♥ s✐❣♥❛❧ ❡st✐♠❛t❡❞ ❢r♦♠ ❛❧❧ t✇❡❧✈❡ ♣❛t✐❡♥ts ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s
st✉❞②✳ ❚❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❊❈● ❛r❡ s❤♦✇♥ ✇✐t❤ ❜❧❛❝❦ ❜❛rs ✇❤✐❧❡ t❤❡
✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢r♦♠ PP● s✐❣♥❛❧s ❛r❡ s❤♦✇♥ ✇✐t❤ ❣r❡② ❜❛rs✳
❋r♦♠ t❤❡ r❡s✉❧ts s❤♦✇♥ ✐♥ ❋✐❣✳ ✹ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s
s❛t✉r❛t✐♦♥ ✇❛s ❧♦✇❡r t❤❛♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✭tr❛❞✐t✐♦♥❛❧✮ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧
s❛t✉r❛t✐♦♥ ✐♥ ❛❧❧ ❢♦✉r ❝❛s❡s✳
✸✳✷✳ ❘❡s♣✐r❛t✐♦♥ ❢r❡q✉❡♥❝② ❡st✐♠❛t✐♦♥
❚❤❡ r❡s♣✐r❛t♦r② s✐❣♥❛❧s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❊❈● ❛♥❞ t❤❡ ♠♦❞✉❧❛t✐♦♥s ❡①tr❛❝t❡❞ ❢r♦♠
t❤❡ PP● s✐❣♥❛❧ ❢r♦♠ ♦♥❡ ♦❢ t❤❡ ♣❛t✐❡♥ts ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s st✉❞② ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✺✳
❚❤❡ s✐❣♥❛❧s ✐♥ ❋✐❣✳ ✺ ❛r❡ ♥♦r♠❛❧✐s❡❞ ✇✐t❤ ♠❛①✐♠✉♠ ❛♠♣❧✐t✉❞❡ ❢♦r ❞✐s♣❧❛② ♣✉r♣♦s❡s✳
❋♦r ❡❛❝❤ s✐❣♥❛❧ t❤❡ r❡s♣✐r❛t♦r② ❢r❡q✉❡♥❝② ✇❛s ❞❡✜♥❡❞ ❛s t❤❡ ♠❛①✐♠✉♠ ♣❡❛❦ ✐♥ t❤❡
♣♦✇❡r s♣❡❝tr✉♠ ♦❢ t❤❡ s✐❣♥❛❧✳ ❚❤❡ r❡s♣✐r❛t♦r② ❢r❡q✉❡♥❝② ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ❊❈● ❛♥❞
t❤❡ PP● ♠♦❞✉❧❛t✐♦♥ s✐❣♥❛❧s ❢r♦♠ ❛❧❧ t✇❡❧✈❡ ♣❛t✐❡♥ts ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s st✉❞② ❛r❡ s❤♦✇♥
✐♥ ❋✐❣✳ ✻✳
✸✳✸✳ ❙t❛t✐st✐❝❛❧ t❡st r❡s✉❧ts
❚♦ ❝♦♠♣❛r❡ t❤❡ ❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ PP● s✐❣♥❛❧✱
❛ st❛t✐st✐❝❛❧ t❡st ✇❛s ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ t❤❡ ❲✐❧❝♦①♦♥ ❙✐❣♥❡❞ ❘❛♥❦ ❚❡st✳ ❋♦r
t❤❡ t✐♠❡ ❞♦♠❛✐♥ ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ t❤❡ ♠❡❞✐❛♥ ❛♥❞ ♣❡r❝❡♥t✐❧❡ ✭✷✺✪ ✲✼✺✪✮ ✈❛❧✉❡s
✇❡r❡ ✶✵✶✳✷ ✭✾✾✳✼ ✲ ✶✵✷✳✶✮ ✇❤✐❧❡ t❤❡ ✈❛❧✉❡s ❢♦r ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s
s❛t✉r❛t✐♦♥s ✇❡r❡ ✶✵✶✳✷ ✭✾✾✳✺ ✲ ✶✵✷✳✹✮ ❛♥❞ ✼✾✳✸ ✭✼✽✳✷ ✲ ✽✶✳✾✮ r❡s♣❡❝t✐✈❡❧②✳ ❆ ❣r❛♣❤✐❝❛❧


















❋✐❣✉r❡ ✼✳ ❇♦①✲❛♥❞✲✇❤✐s❦❡r ♣❧♦ts s❤♦✇✐♥❣ t❤❡ ♣❡r❝❡♥t✐❧❡ ✭✷✺✪ ✲✼✺✪✮ ❛♥❞ r❛♥❣❡ ❢♦r
t❤❡ tr❛❞✐t✐♦♥❛❧ ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✭❆✈❣✳ ❛rt❡r✐❛❧ s❛t✮✱ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ ✭■♥st✳
❛rt❡r✐❛❧ s❛t✳✮ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✭■♥st✳ ❱❡♥♦✉s s❛t✳✮ ✈❛❧✉❡s
❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ❞❛t❛ ♦❢ t✇❡❧✈❡ ♣❛t✐❡♥ts ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s st✉❞②
r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ r❡s✉❧ts ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ st❛t✐st✐❝❛❧ t❡st
s❤♦✇❡❞ t❤❛t t❤❡r❡ ✇❛s ♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t✐♠❡ ❞♦♠❛✐♥ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s
❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥s ✭P❂✵✳✺✵✶✱ ♥❂✶✷✮✱ ✇❤✐❧❡ t❤❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✇❛s s✐❣♥✐✜❝❛♥t❧②
❧♦✇❡r ❝♦♠♣❛r❡❞ t♦ ❜♦t❤ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ✭tr❛❞✐t✐♦♥❛❧✮ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧
s❛t✉r❛t✐♦♥s ✭P❂❁✵✳✵✵✶✱ ♥❂✶✷✮✳
❆ s✐♠✐❧❛r t❡st ✇❛s ❛❧s♦ ♣❡r❢♦r♠❡❞ t♦ ❝♦♠♣❛r❡ t❤❡ r❡s♣✐r❛t♦r② ❢r❡q✉❡♥❝✐❡s ❡st✐♠❛t❡❞
❢r♦♠ t❤❡ ♠♦❞✉❧❛t✐♦♥s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ PP● s✐❣♥❛❧ ❛♥❞ t❤❡ r❡s♣✐r❛t♦r② ❢r❡q✉❡♥❝②
❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ❊❈● s✐❣♥❛❧✳ ❚❤❡ ♠❡❞✐❛♥ ❛♥❞ ♣❡r❝❡♥t✐❧❡ ✈❛❧✉❡s ❢♦r t❤❡ ❊❈●
❡st✐♠❛t❡❞ r❡s♣✐r❛t✐♦♥ ❢r❡q✉❡♥❝② ✇❡r❡ ✵✳✶✼✺ ✭✵✳✶✻✵ ✲ ✵✳✷✶✷✮ ✇❤✐❧❡ t❤❡ ✈❛❧✉❡s ❢♦r t❤❡
PP● ❡st✐♠❛t✐♦♥ ✇❡r❡ ✵✳✶✼✻ ✭✵✳✶✻✵ ✲ ✵✳✷✶✹✮✳ ❚❤❡ st❛t✐st✐❝❛❧ t❡st s❤♦✇❡❞ t❤❛t t❤❡r❡ ✇❛s
♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ r❡s♣✐r❛t✐♦♥ ❢r❡q✉❡♥❝② ❡st✐♠❛t❡s ✭P❂✵✳✷✶✾✱
♥❂✶✷✮✳
✹✳ ❉✐s❝✉ss✐♦♥
❚❤✐s st✉❞② ✇❛s ❝❛rr✐❡❞ ♦✉t t♦ ✈❛❧✐❞❛t❡ t❤❡ ❤②♣♦t❤❡s✐s t❤❛t r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥
❝♦✉❧❞ ❜❡ ❡st✐♠❛t❡❞ ❜② ✉t✐❧✐s✐♥❣ t❤❡ PP● s✐❣♥❛❧✳ ■♥ ♦r❞❡r t♦ r❡✜♥❡ t❤❡ ♠❡t❤♦❞ ♣r♦♣♦s❡❞
✐♥ t❤❡ ♣r❡✈✐♦✉s st✉❞② ✭❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵✮✱ ❛♥ ❛❧❣♦r✐t❤♠ ✇❛s ♣r❡s❡♥t❡❞ ❢♦r t❤❡
❡①tr❛❝t✐♦♥ ♦❢ r❡s♣✐r❛t♦r②✴✈❡♥t✐❧❛t♦r② ✐♥❞✉❝❡❞ ♠♦❞✉❧❛t✐♦♥s ❢r♦♠ t❤❡ PP● s✐❣♥❛❧✳ ❚❤❡
❡①tr❛❝t❡❞ ♠♦❞✉❧❛t✐♦♥s ❛♥❞ t❤❡ ❝❛r❞✐❛❝ r❡❧❛t❡❞ PP● ❝♦♠♣♦♥❡♥ts ✇❡r❡ t❤❡♥ ✉s❡❞ ❢♦r t❤❡
❡st✐♠❛t✐♦♥ ♦❢ r❡❣✐♦♥❛❧ ✈❡♥♦✉s ❛♥❞ ❛rt❡r✐❛❧ ♦①②❣❡♥ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s r❡s♣❡❝t✐✈❡❧② ✭s❡❡
s❡❝t✐♦♥ ✷✳✸✮✳ ❚❤❡ PP● ❞❛t❛ ❛♥❛❧②s❡❞ ✐♥ t❤✐s ✇♦r❦ ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❢r♦♠ t❤❡ ♦❡s♦♣❤❛❣✉s
♦❢ t✇❡❧✈❡ ♣❛t✐❡♥ts ✉♥❞❡r❣♦✐♥❣ ❝❛r❞✐♦t❤♦r❛❝✐❝ s✉r❣❡r②✳ ❚❤❡ r❡s✉❧ts ❢r♦♠ st❛t✐st✐❝❛❧
t❡sts s❤♦✇❡❞ t❤❛t t❤❡ r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s✱ ✼✾✳✸✪ ✭✼✽✳✷✪ ✲ ✽✶✳✾✪✮✱ ✇❡r❡
s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s✱ ✶✵✶✳✷✪ ✭✾✾✳✼✪ ✲
✶✵✷✳✶✪✮ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ✶✵✶✳✷✪ ✭✾✾✳✺✪ ✲ ✶✵✷✳✹✪✮✳ ❚❤❡
❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞② ✇❡r❡ s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ t❤❡ ❧♦❣✐❝❛❧
♠❛①✐♠✉♠ ❛❧❧♦✇❡❞ ✭✶✵✵✪✮✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ✐s t❤❡ ❢❛❝t t❤❛t t❤❡ ❞❛t❛ ✇❛s ❝♦❧❧❡❝t❡❞
❢r♦♠ ❛ ❝✉st♦♠ ♠❛❞❡ ♣r♦❜❡ ✇❤✐❝❤ ✉s❡s ❞✐✛❡r❡♥t ✇❛✈❡❧❡♥❣t❤ ▲❊❉s ✭✻✺✺ ♥♠ r❡❞ ❛♥❞
✽✽✵ ♥♠ ✐♥❢r❛r❡❞✮ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ▲❊❉s ✭✻✻✵ ♥♠ r❡❞ ❛♥❞ ✾✹✵ ♥♠ ✐♥❢r❛r❡❞✮ ✉s❡❞ ✐♥
♠♦st ❝♦♠♠❡r❝✐❛❧ ♣✉❧s❡ ♦①✐♠❡t❡rs✳ ❚❤❡ ♣❤♦t♦❞❡t❡❝t♦r ❛❧s♦ ❞✐✛❡rs ❢r♦♠ t❤❡ ♦♥❡s ✉s❡❞ ✐♥
t❤❡ ❝♦♠♠❡r❝✐❛❧ ♣r♦❜❡s✱ ❤♦✇❡✈❡r✱ ✐t ✇❛s ❝❤♦s❡♥ t♦ ♠✐♥✐♠✐s❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ r❡s♣♦♥s❡
❛t t❤❡ t✇♦ ✇❛✈❡❧❡♥❣t❤s ✭✻✺✺ ♥♠ r❡❞ ❛♥❞ ✽✽✵ ♥♠ ✐♥❢r❛r❡❞✮✳ ❉✉❡ t♦ t❤❡s❡ ❞✐✛❡r❡♥❝❡s
❊st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ❜❧♦♦❞ s❛t✉r❛t✐♦♥ ✉s✐♥❣ PP● ✇❛✈❡❢♦r♠ ✶✵
✐♥ t❤❡ ✇❛✈❡❧❡♥❣t❤s ❛♥❞ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ♣❤♦t♦❞❡t❡❝t♦r ❛t t❤❡ ❝❤♦s❡♥ ✇❛✈❡❧❡♥❣t❤s
✇❤❡♥ ❡q✉❛t✐♦♥ ✭✷✮ ✇❤✐❝❤ ✐s ❞❡r✐✈❡❞ ❢♦r ✻✻✵ ♥♠ r❡❞ ❛♥❞ ✾✹✵ ♥♠ ✐♥❢r❛r❡❞ ✇❛✈❡❧❡♥❣t❤s
✐s ✉s❡❞ ❢♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ♦①②❣❡♥ s❛t✉r❛t✐♦♥❀ ✈❛❧✉❡s s❧✐❣❤t❧② ❤✐❣❤❡r ✶✵✵✪ ❝♦✉❧❞
♦❝❝✉r✳ ❋✉rt❤❡r ❞❡t❛✐❧s ❛♥❞ ❞✐s❝✉ss✐♦♥ r❡❣❛r❞✐♥❣ t❤✐s ✐ss✉❡ ❛♥❞ ❝♦♠♣❛r✐s♦♥ ♦❢ ❛rt❡r✐❛❧
♦①②❣❡♥ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❡st✐♠❛t❡❞ ❢r♦♠ t❤✐s r❡s❡❛r❝❤ ❞❡✈✐❝❡ ✇✐t❤ ❜❧♦♦❞ ❣❛s ❛♥❛❧②s✐s
❛♥❞ ❈♦✲♦①✐♠❡t❡r ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s ✭❑②r✐❛❝♦✉ ❡t ❛❧✳❀ ✷✵✵✷❛✱ ✷✵✵✸✮✳
❚❤❡ ❡st✐♠❛t❡❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ♦❢ ❛r♦✉♥❞ ✽✵✪ ❛r❡ ✇✐t❤✐♥ t❤❡ ❡①♣❡❝t❡❞
♣❤②s✐♦❧♦❣✐❝❛❧ r❛♥❣❡ ♦❢ ✈❡♥♦✉s s❛t✉r❛t✐♦♥✳ ❚❤❡s❡ ✈❛❧✉❡s ❝♦✉❧❞ ♥♦t ❜❡ ❝♦♥s✐❞❡r❡❞ t♦
❜❡ s♦❧❡❧② ❞✉❡ t♦ ♥♦✐s❡ ❛s t❤❡② ❛r❡ ❜❡❧♦✇ ✽✺✪ ✇❤✐❝❤ ✐s t❤❡ s❛t✉r❛t✐♦♥ ♦❜t❛✐♥❡❞ ✇❤❡♥
t❤❡ s✐❣♥❛❧s ❛t t❤❡ t✇♦ ✇❛✈❡❧❡♥❣t❤s ❛r❡ ✐❞❡♥t✐❝❛❧❧② ♠♦❞✉❧❛t❡❞✱ ❛s ✐♥ t❤❡ ❝❛s❡ ♦❢ ♣✉r❡
♥♦✐s❡✳ ■♥ ❢❛❝t✱ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞② ✐s ✐♥
❝❧♦s❡ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s✳ ❋♦r
✐♥st❛♥❝❡✱ ❲❛❧t♦♥ ❡t ❛❧✳ ✭✷✵✶✵✮ ❤❛✈❡ ❢♦✉♥❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✐♥ t❤❡ ♦❡s♦♣❤❛❣✉s t♦ ❜❡ ✐♥
t❤❡ r❛♥❣❡ ♦❢ ✾✵✪ t♦ ✻✺✪ ✇✐t❤ ❛ ♠❡❞✐❛♥ ✈❛❧✉❡ ❛r♦✉♥❞ ✽✵✪✳ ❚❛✐t❡❧❜❛✉♠ ❡t ❛❧✳ ✭✷✵✵✵✮
❤❛✈❡ r❡♣♦rt❡❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ♦❢ ✽✻✳✷✪ ✭±✹✳✶✮ ❢♦r t❤❡ ✜♥❣❡r ❛♥❞ ✽✵✳✵✪ ✭±✽✳✷✮
❢♦r t❤❡ ❤❛♥❞✳ ❚❤✐❡❧❡ ❡t ❛❧✳ ✭✷✵✶✶✮ ❤❛✈❡ ❢♦✉♥❞ t❤❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ♠❡❛♥ ✈❛❧✉❡s ♦❢
✼✺✪✱ ✽✵✪✱ ❛♥❞ ✽✵✪ ❛t t❤❡ ❛♥t❡❝✉❜✐t❛❧✱ ❡①t❡r♥❛❧ ❥✉❣✉❧❛r✱ ❛♥❞ ✐♥t❡r♥❛❧ ❥✉❣✉❧❛r ✈❡✐♥s✱
r❡s♣❡❝t✐✈❡❧②✳
❚❤❡r❡ ❛r❡ t✇♦ ♠❛❥♦r ❞✐✛❡r❡♥❝❡s ✐♥ t❤✐s ✇♦r❦ ❛♥❞ t❤❡ ♣r❡✈✐♦✉s st✉❞✐❡s ✭❈♦❧q✉❤♦✉♥
❡t ❛❧✳❀ ✷✵✶✷❀ ❚❤✐❡❧❡ ❡t ❛❧✳❀ ✷✵✶✶❀ ❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵✮✳ ❋✐rst❧②✱ ✈❡♥♦✉s r❡❧❛t❡❞
♠♦❞✉❧❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ r❛✇ PP● s✐❣♥❛❧ ❜❡❢♦r❡ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢
s❛t✉r❛t✐♦♥ ✈❛❧✉❡s✳ ❙❡❝♦♥❞❧②✱ ✐♥st❡❛❞ ♦❢ ✉s✐♥❣ t❤❡ ❋♦✉r✐❡r ♠❡t❤♦❞✱ ❛ t✐♠❡✲❢r❡q✉❡♥❝②
❛♥❛❧②s✐s ❤❛s ❜❡❡♥ ✉s❡❞ t♦ ❡st✐♠❛t❡ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥
✈❛❧✉❡s✳ ❚❤❡ s❡♣❛r❛t✐♦♥ ♦❢ r❛✇ s✐❣♥❛❧s ✐♥t♦ s❡♣❛r❛t❡ ❝♦♠♣♦♥❡♥ts ✐s ❞❡s✐r❛❜❧❡ ❛s t❤❡
❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ❉❈ PP● s✐❣♥❛❧ ❛♥❞ s♦♠❡t✐♠❡s ❡✈❡♥ t❤❡ ♠♦❞✉❧❛t✐♦♥ ❝❛✉s❡❞ ❜②
✈❡♥t✐❧❛t♦r✴r❡s♣✐r❛t✐♦♥ ❝♦✉❧❞ ❜❡ q✉✐t❡ ❧❛r❣❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❆❈ ✭❝❛r❞✐❛❝✮ ❝♦♠♣♦♥❡♥t
♦❢ t❤❡ PP● s✐❣♥❛❧✳ ❚❤✐s ❝♦✉❧❞ ❝❛✉s❡ ♣♦✇❡r ❧❡❛❦❛❣❡ ✐♥ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡ r❛✇
PP● s✐❣♥❛❧✳ ❍❡♥❝❡✱ t❤❡ ✈❛❧✉❡ ❛t t❤❡ ❝❛r❞✐❛❝ ❝♦♠♣♦♥❡♥t ❝♦✉❧❞ ❜❡ ❛✛❡❝t❡❞ ❜② t❤❡
❉❈ ❛♥❞✴♦r t❤❡ ♠♦❞✉❧❛t✐♦♥ ❝♦♠♣♦♥❡♥t ✇❤✐❝❤ ✐♥ t✉r♥s ❝♦✉❧❞ ❜❡ ❛✛❡❝t❡❞ ❜② t❤❡ ❧❛r❣❡
❉❈ ❝♦♠♣♦♥❡♥t✳ ❚❤✐s ❝♦✉❧❞ ♣♦ss✐❜❧② ❜❡ t❤❡ r❡❛s♦♥ ❢♦r t❤❡ ❧❛r❣❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥
t❤❡ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ♦❜s❡r✈❡❞ ❜② ❲❛❧t♦♥ ❡t ❛❧✳ ✭✷✵✶✵✮✳ ❆❧s♦✱ t❤❡ ✈❛r✐❛t✐♦♥ ✐s
r❡s♣✐r❛t✐♦♥ ❢r❡q✉❡♥❝② ❝♦✉❧❞ ❛❞✈❡rs❡❧② ❛✛❡❝t t❤❡ r❡❛❞❛❜✐❧✐t② ♦❢ t❤❡ r❛✇ s✐❣♥❛❧ s♣❡❝tr✉♠
❛s s✉❣❣❡st❡❞ ❜② ❚❤✐❡❧❡ ❡t ❛❧✳ ✭✷✵✶✶✮✳ ❲❛❧t♦♥ ❡t ❛❧✳ ✭✷✵✶✵✮ ❤❛✈❡ ❛❧s♦ ♣r♦♣♦s❡❞ ❛ t✐♠❡
❞♦♠❛✐♥ ♠❡t❤♦❞ ❢♦r t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s✳ ❍♦✇❡✈❡r✱
t❤❡✐r ♠❡t❤♦❞ s✉✛❡rs ❢r♦♠ st❛❜✐❧✐t② ✐ss✉❡s ♥❡❛r t❤❡ tr♦✉❣❤ ♦❢ t❤❡ s✐❣♥❛❧ ❛♥❞ r❡q✉✐r❡❞
s✉❜❥❡❝t✐✈❡ t❤r❡s❤♦❧❞✐♥❣ ✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ ✉♥st❛❜❧❡ ✈❛❧✉❡s✳ ❚❤❡ r❡s✉❧ts ✐♥ t❤✐s st✉❞②
❤❛✈❡ s❤♦✇♥ t❤❛t st❛❜❧❡ ✐♥st❛♥t❛♥❡♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❝♦✉❧❞ ❜❡ ❡st✐♠❛t❡❞ ✇✐t❤ t❤❡
❤❡❧♣ ♦❢ t✐♠❡✲❢r❡q✉❡♥❝② ❛♥❛❧②s✐s t❡❝❤♥✐q✉❡ ✇✐t❤♦✉t ❛♥② s✉❜❥❡❝t✐✈❡ t❤r❡s❤♦❧❞✐♥❣✳ ❇②
❛✈♦✐❞✐♥❣ t❤❡s❡ ✐♥st❛❜✐❧✐t✐❡s ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ♥❡❡❞ ♦❢ t❤r❡s❤♦❧❞✐♥❣ t❤❡ ✐♥st❛♥t❛♥❡♦✉s
s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❝♦✉❧❞ ♣♦ss✐❜❧② ♣r♦✈✐❞❡ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❛♥② tr❛♥s✐❡♥t ❝❤❛♥❣❡s
♦❝❝✉rr✐♥❣ ✐♥ t❤❡ s❛t✉r❛t✐♦♥ ✇❤✐❝❤ ❝♦✉❧❞ ♣r♦✈✐❞❡ ✉s❡❢✉❧ ❝❧✐♥✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥✳ ■♥ t❤✐s
st✉❞② ❙♠♦♦t❤❡❞✲♣s❡✉❞♦ ❲✐❣♥❡r✲❱✐❧❧❡ ❉✐str✐❜✉t✐♦♥ ✭❙P❲❱❉✮ ✇❛s ♣r❡❢❡rr❡❞ ♦✈❡r t❤❡
♠♦r❡ ❜❛s✐❝ ❢♦r♠s ♦❢ t✐♠❡✲❢r❡q✉❡♥❝② ❛♥❛❧②s✐s ✭❙❤♦rt✲t✐♠❡ ❋♦✉r✐❡r tr❛♥s❢♦r♠✮ ❛s ✐t
❛❧❧♦✇s ✐♥❞❡♣❡♥❞❡♥t ❝♦♥tr♦❧ ♦✈❡r t❤❡ t✐♠❡ ❛♥❞ ❢r❡q✉❡♥❝② r❡s♦❧✉t✐♦♥✳ ❖t❤❡r t✐♠❡✲
❢r❡q✉❡♥❝② ❛♥❛❧②s✐s ♠❡t❤♦❞s s✉❝❤ ❛s ✇❛✈❡❧❡ts ❛♥❞ ❍✐❧❜❡rt✲❍✉❛♥❣ tr❛♥s❢♦r♠ s❤♦✉❧❞
❛❧s♦ ❜❡ ❛♣♣❧✐❝❛❜❧❡ ❜✉t ❝♦♠♣❛r✐s♦♥ ♦❢ s✉❝❤ t❡❝❤♥✐q✉❡s ✇❛s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❜❡②♦♥❞ t❤❡
s❝♦♣❡ ♦❢ t❤✐s ✐♥✐t✐❛❧ ✇♦r❦✳
■♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ ❢✉rt❤❡r ❡✈✐❞❡♥❝❡ t❤❛t t❤❡ r❡s♣✐r❛t✐♦♥✴✈❡♥t✐❧❛t♦r ✐s t❤❡ ♠❛❥♦r
❝♦♠♣♦♥❡♥t ♦❢ ♠♦❞✉❧❛t✐♦♥s ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ PP● s✐❣♥❛❧s✱ t❤❡ r❡s♣✐r❛t♦r②✴✈❡♥t✐❧❛t♦r②
❊st✐♠❛t✐♦♥ ♦❢ ✐♥st❛♥t❛♥❡♦✉s ✈❡♥♦✉s ❜❧♦♦❞ s❛t✉r❛t✐♦♥ ✉s✐♥❣ PP● ✇❛✈❡❢♦r♠ ✶✶
❢r❡q✉❡♥❝② ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤✐s s✐❣♥❛❧ ✇❛s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ r❡s♣✐r❛t♦r②✴✈❡♥t✐❧❛t♦r②
❢r❡q✉❡♥❝② ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❊❈● ✭s❡❡ s❡❝t✐♦♥ ✷✳✹✮✳ ❚❤❡ r❡s✉❧ts s❤♦✇❡❞ t❤❛t t❤❡r❡ ✇❛s
♥♦ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s ♦❢ t❤❡ r❡s♣✐r❛t♦r②✴✈❡♥t✐❧❛t♦r②
❢r❡q✉❡♥❝② ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ PP● ♠♦❞✉❧❛t✐♦♥ ❛♥❞ t❤❡ ❊❈● s✐❣♥❛❧ ✭s❡❡ ❋✐❣ ✻✮✳
❚❤❡r❡ ❛r❡ s♦♠❡ ❧✐♠✐t❛t✐♦♥s ✐♥ t❤❡ ✇♦r❦ ❝❛rr✐❡❞ ♦✉t ✐♥ t❤✐s st✉❞②✳ ❚❤❡ ❡①tr❛❝t✐♦♥
♦❢ t❤❡ ♠♦❞✉❧❛t✐♥❣ s✐❣♥❛❧ ❢r♦♠ t❤❡ PP● r❡❧✐❡s ♦♥ t❤❡ ❛❝❝✉r❛t❡ ❞❡t❡❝t✐♦♥ ♦❢ t❤❡ ♣❡❛❦s
❛♥❞ tr♦✉❣❤s ✐♥ t❤❡ r❛✇ PP● s✐❣♥❛❧✳ ■❢ t❤❡ ❛❧❣♦r✐t❤♠ ❢❛✐❧s t♦ ❞❡t❡❝t ♣❡❛❦s ❛♥❞
tr♦✉❣❤s✱ ❞✉❡ t♦ ❛rt❡❢❛❝ts ✐♥ t❤❡ r❛✇ s✐❣♥❛❧ ♦r ♦✈❡r❧❛♣♣✐♥❣ ♦❢ ❝❛r❞✐❛❝ ❢r❡q✉❡♥❝② ❛♥❞
♣❡❛❦ r❡s♣✐r❛t✐♦♥ ❢r❡q✉❡♥❝②✱ ✐t ✇✐❧❧ ♥♦t ❜❡ ❛❜❧❡ t♦ ❡①tr❛❝t ❛♥ ❛❝❝✉r❛t❡ ♠♦❞✉❧❛t✐♥❣
s✐❣♥❛❧✳ ❚❤✐s ✇✐❧❧ ❤❛✈❡ ❛♥ ❛❞✈❡rs❡ ❡✛❡❝t ♦♥ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ❡st✐♠❛t❡❞ s❛t✉r❛t✐♦♥
✈❛❧✉❡s✳ ❆❧s♦✱ ❛♥♦t❤❡r ❧✐♠✐t❛t✐♦♥ ♦❢ ♦✉r st✉❞② ✇❛s t❤❡ ❧❛❝❦ ♦❢ ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ❡st✐♠❛t❡❞
✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❛❣❛✐♥st ❛ ❣♦❧❞ st❛♥❞❛r❞✱ s✉❝❤ ❛s ❜❧♦♦❞ ❣❛s ❛♥❛❧②s✐s ♦r ❝♦✲
♦①✐♠❡tr②✳ ❚❤❡s❡ ✈❛❧✉❡s ✇❡r❡ ♥♦t ❛✈❛✐❧❛❜❧❡ t♦ ✉s ❛s t❤❡② ✇❡r❡ ♥♦t ❝♦❧❧❡❝t❡❞ ❞✉r✐♥❣ t❤❡
❝❧✐♥✐❝❛❧ tr✐❛❧s ❝♦♥❞✉❝t❡❞ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s ✭❑②r✐❛❝♦✉ ❡t ❛❧✳❀ ✷✵✵✷❜✱ ✷✵✵✸✮✳ ❍♦✇❡✈❡r✱
❛s t❤❡ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❡st✐♠❛t❡❞ ✐♥ t❤✐s ✇♦r❦ ❛r❡ ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ s❛t✉r❛t✐♦♥
✈❛❧✉❡s ♦❜t❛✐♥❡❞ ✐♥ ♣r❡✈✐♦✉s st✉❞✐❡s ✭◆✐t③❛♥ ❡t ❛❧✳❀ ✷✵✵✵❀ ❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵❀ ❚❤✐❡❧❡
❡t ❛❧✳❀ ✷✵✶✶✮ ✐t ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡ ♠❡t❤♦❞ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s st✉❞② ❝♦✉❧❞
♣r♦✈✐❞❡ ❢✉rt❤❡r r❡✜♥❡♠❡♥t ❢♦r t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ ✈❡♥♦✉s r❡❧❛t❡❞ ♠♦❞✉❧❛t✐♦♥ ❝❛✉s❡❞
❜② t❤❡ ✈❡♥t✐❧❛t♦r②✴r❡s♣✐r❛t♦r② ❡✛♦rt ❢r♦♠ t❤❡ PP● s✐❣♥❛❧ ❛♥❞ ✐ts ♣♦ss✐❜❧❡ ✉s❡ ❢♦r t❤❡
❡st✐♠❛t✐♦♥ ♦❢ r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥✳ ■❢ ❛❝❝✉r❛t❡ ❡st✐♠❛t✐♦♥ ♦❢ r❡❣✐♦♥❛❧ ✈❡♥♦✉s
s❛t✉r❛t✐♦♥ ❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞ ✇✐t❤ s✉❝❤ ❛ t❡❝❤♥✐q✉❡ t❤❡♥ ✐t ♠✐❣❤t ❜❡ ♣♦ss✐❜❧❡ t♦
❝♦♠❜✐♥❡ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❢r♦♠ s❡✈❡r❛❧ ❞✐✛❡r❡♥t s✐t❡s ✭✜♥❣❡r✱ ♦❡s♦♣❤❛❣✉s✱ ❡❛r❧♦❜❡✱
❢♦r❡❤❡❛❞ ❡t❝✳✮ t♦ ❣❡♥❡r❛t❡ ❛ s✉rr♦❣❛t❡ ❢♦r tr✉❡ ♠✐①❡❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥✳ ❆❧s♦✱ ❞✉❡
t♦ ♣r❡❞♦♠✐♥❛t❡ s②♠♣❛t❤❡t✐❝ ✐♥♥❡r✈❛t✐♦♥✱ r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ❢r♦♠ ❡①tr❡♠✐t✐❡s
s✉❝❤ ❛s ✜♥❣❡r ♠✐❣❤t ❜❡ ❤❡❧♣❢✉❧ ✐♥ ❞❡t❡❝t✐♦♥ ♦❢ ❡❛r❧② s✐❣♥ ♦❢ s❤♦❝❦✳ ■t ✐s ❛❧s♦ ✐♠♣♦rt❛♥t
t♦ ♥♦t❡ t❤❛t t❤❡ PP● s✐❣♥❛❧ ❛❧s♦ ❝♦♥t❛✐♥s ❛ ❝❛r❞✐♦✲s②♥❝❤r♦♥♦✉s ✈❡♥♦✉s ❝♦♠♣♦♥❡♥t ❜✉t
✉s✉❛❧❧② t❤✐s ❝♦♠♣♦♥❡♥t ❤❛s ❛ r❡❧❛t✐✈❡❧② s♠❛❧❧ ❛♠♣❧✐t✉❞❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡st ♦❢ t❤❡
s✐❣♥❛❧✳ ■♥ ❛ r❡❝❡♥t st✉❞② ✭❨♦✉s❡✜ ❛♥❞ ◆♦✉r❛♥✐❀ ✷✵✶✺✮ ✐t ❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t ❛rt❡r✐❛❧
s❛t✉r❛t✐♦♥ ❡st✐♠❛t❡❞ ❛t ❞✐✛❡r❡♥t ❜r❡❛t❤✐♥❣ r❛t❡ ❛r❡ ♥♦t s✐❣♥✐✜❝❛♥t❧② ❛✛❡❝t❡❞ ❜② t❤✐s
❝❛r❞✐♦✲s②♥❝❤r♦♥♦✉s ✈❡♥♦✉s ❝♦♠♣♦♥❡♥t✳ ❚❤✐s ❝♦♠♣♦♥❡♥t ✐s ❛❧s♦ ♥♦t t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t
✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❙♣❖✷ ❜② ♠♦st ❝♦♠♠❡r❝✐❛❧ ♣✉❧s❡ ♦①✐♠❡t❡rs✳ ❍♦✇❡✈❡r✱ PP● s✐❣♥❛❧s
❢r♦♠ ❝❡rt❛✐♥ ♠❡❛s✉r✐♥❣ s✐t❡s s✉❝❤ ❛s ❢♦r❡❤❡❛❞ ❤❛✈❡ s❤♦✇♥ t♦ ❡①❤✐❜✐t ❧❛r❣❡ ❛♠♣❧✐t✉❞❡
❝❛r❞✐♦✲s②♥❝❤r♦♥♦✉s ✈❡♥♦✉s ♣✉❧s❛t✐♦♥ ✇❤✐❝❤ ❤❛s ❜❡❡♥ r❡♣♦rt❡❞ t♦ ❝❛✉s❡ ❡rr♦r ✐s t❤❡
❡st✐♠❛t✐♦♥ ♦❢ ❙♣❖✷ ✭❙❤❡❧❧❡② ❡t ❛❧✳❀ ✷✵✵✺✮✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤✐s ✐ss✉❡ ❝❛♥ ❜❡ r❡s♦❧✈❡❞
❜② ❛♣♣❧②✐♥❣ s♠❛❧❧ ♣r❡ss✉r❡ t♦ t❤❡ s❡♥s♦r ✭❙❤❡❧❧❡② ❡t ❛❧✳❀ ✷✵✵✺✮✳ ❆s t❤❡ PP● s✐❣♥❛❧s
❛♥❛❧②s❡❞ ✐♥ t❤✐s ✇♦r❦ ❞✐❞ ♥♦t ❡①❤✐❜✐ts ❧❛r❣❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤✐s ❝♦♠♣♦♥❡♥t ❛♥❞ t❤❡
❛rt❡r✐❛❧ ♦①②❣❡♥ s❛t✉r❛t✐♦♥ ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡s❡ s✐❣♥❛❧s ❤❛s ❜❡❡♥ ✈❛❧✐❞❛t❡❞ ❛❣❛✐♥st
❜❧♦♦❞ ❣❛s ❛♥❛❧②s❡r ❛♥❞ ❈❖✲♦①✐♠❡t❡r ✈❛❧✉❡s t❤✐s ❝♦♠♣♦♥❡♥t ✇❛s ♥♦t ✐♥❝❧✉❞❡❞ ✐♥ ❢✉rt❤❡r
❛♥❛❧②s✐s ✐♥ t❤✐s st✉❞②✳
✺✳ ❈♦♥❝❧✉s✐♦♥
■♥ t❤✐s st✉❞② r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✇❛s ❡st✐♠❛t❡❞ ❜② ✉t✐❧✐s✐♥❣ t❤❡ r❡s♣✐r❛t✲
♦r②✴✈❡♥t✐❧❛t♦r② ♠♦❞✉❧❛t✐♦♥s ♣r❡s❡♥t ✐♥ t❤❡ PP● s✐❣♥❛❧✳ ❚❤❡ r❡s✉❧ts s❤♦✇❡❞ t❤❛t
r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ ❛rt❡r✲
✐❛❧ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ❛rt❡r✐❛❧ s❛t✉r❛t✐♦♥ ✈❛❧✉❡s✳
❚❤❡ ❛♥❛❧②s✐s ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ✐♥ t❤✐s st✉❞② ❤❛s s♦♠❡ ❛❞✈❛♥t❛❣❡s ♦✈❡r t❤❡
t❡❝❤♥✐q✉❡ ♣r♦♣♦s❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s st✉❞② ✭❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵✮✳ ❲❛❧t♦♥ ❡t ❛❧ ✭✷✵✶✵✮
♦❜s❡r✈❡❞ ❧❛r❣❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐♥ t❤❡ ❡st✐♠❛t❡❞ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ❝♦♠♣❛r❡❞
❘❊❋❊❘❊◆❈❊❙ ✶✷
t♦ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❚❤✐❡❧❡ ❡t ❛❧✳ ✭✷✵✶✶✮ ❤❛✈❡ ❛❧s♦ ♠❡♥t✐♦♥❡❞ t❤❡
♣♦ss✐❜❧❡ ♥❡❣❛t✐✈❡ ❡✛❡❝t r❡s♣✐r❛t♦r② ✈❛r✐❛t✐♦♥s ❝♦✉❧❞ ❤❛✈❡ ♦♥ t❤❡ s♣❡❝tr✉♠ ♦❢ t❤❡
r❛✇ s✐❣♥❛❧✳ ■♥ ♦r❞❡r t♦ ❛✈♦✐❞ t❤❡s❡ ♣r♦❜❧❡♠s ✐♥ t❤✐s st✉❞② t❤❡ r❛✇ PP● s✐❣♥❛❧s
✇❡r❡ ❞❡❝♦♠♣♦s❡❞ ✐♥t♦ ❝♦♠♣♦♥❡♥ts ✭✈❡♥♦✉s r❡❧❛t❡❞ ♠♦❞✉❧❛t✐♦♥✱ ❝❛r❞✐❛❝ ❛♥❞ ❉❈
PP●✮ ❜❡❢♦r❡ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ ❛♥❛❧②s✐s✳ ❚❤✐s ❝♦✉❧❞ ♣♦ss✐❜❧② ♣r♦✈✐❞❡ ♠♦r❡
r❡❛❞❛❜❧❡✴❝❧❡❛♥❡r s♣❡❝tr✉♠ ❛♥❞ ♠♦r❡ ❛❝❝✉r❛t❡ ❡st✐♠❛t✐♦♥ ♦❢ ♣♦✇❡r r❡❧❛t❡❞ t♦ ❡❛❝❤
❝♦♠♣♦♥❡♥t✳ ❆❧s♦✱ t❤❡ ❡①tr❛❝t❡❞ ♠♦❞✉❧❛t✐♦♥ s✐❣♥❛❧ ❝♦✉❧❞ ❜❡ ❛♥❛❧②s❡❞ ❢✉rt❤❡r t♦ st✉❞②
t❤❡ ❡✛❡❝t ♦❢ r❡s♣✐r❛t✐♦♥ ✈❛r✐❛t✐♦♥ ♦♥ t❤❡ PP● s✐❣♥❛❧✳
■♥ t❤✐s ✇♦r❦ ✐s ✇❛s ❛❧s♦ s❤♦✇♥ t❤❛t ❜② ❛♣♣❧②✐♥❣ t✐♠❡✲❢r❡q✉❡♥❝② ❛♥❛❧②s✐s ♠❡t❤♦❞
st❛❜❧❡ ✐♥st❛♥t❛♥❡♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ✭❛rt❡r✐❛❧ ❛♥❞ ✈❡♥♦✉s✮ ❝♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞ ✇✐t❤♦✉t
t❤❡ ♥❡❡❞ ♦❢ s✉❜❥❡❝t✐✈❡ t❤r❡s❤♦❧❞✐♥❣ ❛s r❡q✉✐r❡❞ ❜② t❤❡ ♠❡t❤♦❞ ♣r❡s❡♥t❡❞ ✐♥ ♣r❡✈✐♦✉s
✇♦r❦ ✭❲❛❧t♦♥ ❡t ❛❧✳❀ ✷✵✶✵✮✳ ❚❤❡s❡ ✐♥st❛♥t❛♥❡♦✉s s❛t✉r❛t✐♦♥ ✈❛❧✉❡s ♠✐❣❤t ❜❡ ❛❜❧❡ t♦
❞❡t❡❝t tr❛♥s✐❡♥t ❝❤❛♥❣❡s t❤❛t ❝♦✉❧❞ ❜❡ ❝❧✐♥✐❝❛❧❧② s✐❣♥✐✜❝❛♥t✳
■t ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞ t❤❛t t❤✐s st✉❞② ♣r♦✈✐❞❡s ❢✉rt❤❡r ✈❛❧✐❞❛t✐♦♥ ♦❢ t❤❡ ❤②♣♦t❤❡s✐s
t❤❛t ♠♦❞✉❧❛t✐♦♥ ❝❛✉s❡❞ ❜② r❡s♣✐r❛t✐♦♥✴✈❡♥t✐❧❛t♦r ✐♥ t❤❡ PP● s✐❣♥❛❧ ❝♦✉❧❞ ❜❡ ✉s❡❞ t♦
❡st✐♠❛t❡ t❤❡ r❡❣✐♦♥❛❧ ✈❡♥♦✉s s❛t✉r❛t✐♦♥ ❛♥❞ ♣r♦♣♦s❡❞ ❛ ♠♦r❡ r❡✜♥❡ ❛♥❛❧②s✐s ♠❡t❤♦❞
❢♦r t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ ✈❡♥♦✉s r❡❧❛t❡❞ ❝♦♠♣♦♥❡♥t ❛♥❞ s❛t✉r❛t✐♦♥ ❡st✐♠❛t✐♦♥ ❛s ❝♦♠♣❛r❡❞
t♦ t❤❡ ♣r❡✈✐♦✉s st✉❞✐❡s✳
❘❡❢❡r❡♥❝❡s
❆❧❧❡♥✱ ❏✳ ✭✷✵✵✼✮✳ P❤♦t♦♣❧❡t❤②s♠♦❣r❛♣❤② ❛♥❞ ✐ts ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ❝❧✐♥✐❝❛❧ ♣❤②s✐♦❧♦❣✐❝❛❧
♠❡❛s✉r❡♠❡♥t✳✱ P❤②s✐♦❧ ▼❡❛s ✷✽✭✸✮✿ ❘✶✕✸✾✳
❯❘▲✿ ❤tt♣✿✴✴❞①✳❞♦✐✳♦r❣✴✶✵✳✶✵✽✽✴✵✾✻✼✲✸✸✸✹✴✷✽✴✸✴❘✵✶
❈♦❤❡♥✱ ▲✳ ✭✶✾✽✾✮✳ ❚✐♠❡✲❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥s✲❛ r❡✈✐❡✇✱ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ■❊❊❊
✼✼✭✼✮✿ ✾✹✶✕✾✽✶✳
❯❘▲✿ ❤tt♣✿✴✴❞①✳❞♦✐✳♦r❣✴✶✵✳✶✶✵✾✴✺✳✸✵✼✹✾
❈♦❧q✉❤♦✉♥✱ ❉✳ ❆✳✱ ❚✉❝❦❡r✲❙❝❤✇❛rt③✱ ❏✳ ▼✳✱ ❉✉r✐❡✉①✱ ▼✳ ❊✳ ❛♥❞ ❚❤✐❡❧❡✱ ❘✳ ❍✳ ✭✷✵✶✷✮✳
◆♦♥✲✐♥✈❛s✐✈❡ ❡st✐♠❛t✐♦♥ ♦❢ ❥✉❣✉❧❛r ✈❡♥♦✉s ♦①②❣❡♥ s❛t✉r❛t✐♦♥✿ ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥
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